Application of zeolites in biotechnology: Protein adsorption by Özgü, Şebnem Karasu
Izmir Instituteof Technology
The GraduateSchool
APPLICATION OF ZEOLITES IN
BIOTECHNOLOGY:
PROTEIN ADSORPTION
A Thesisin
BiotechnologyandBioengineering
SebnemKarasu Ozgu
SubmittedinPartialFulfillment
of theRequirements
for theDegreeof
Master of Science
III
Biotechnology
July 1998
Weapprovethethesisof SebnemKarasu Ozgii
~
'/7/18'Prof.Dr. SemraUlkii Supervis rDe artmentof ChemicalEngineering
~
L- t!7lift:~~t>fg
Asst.~ Dr. Funda TlhmmhogluDepcDttmentof Che icalEngine ring
~
1/7/9'(
Asst.Prof. Dr. Canan Tan
fFoodEngi eering
~
Y'f'i' 1/7/7t
ssoc.Prof. Dr. SebnemHarsa
H adof Interdiscipl ryBiotechnologyProgram
ACKNOWLEDGEMENTS
I herebywould like to thankmy advisor,Prof. SemraUlku, for her
guidancethroughoutthe studyand appreciateher knowledgeand dedication
particularlyin zeolites;andto myco-advisor,Assoc.Prof.SebnemBarsa,for her
cooperationandexpertisewithproteins.I alsothankmyformerteacherandmy
currentboss,thePresidentof Izmir Instituteof Technology,Prof. Erdal Saygm
for hissupportandpatiencein givingmetheopportunityto carryon with my
careerduringwork hours. I respectfullyrecognizeProf. Balis Puskulcufor his
contributionsespeciallyin usingcomputerizedstatisticalprograms.I wouldalso
liketo extendmywarmfeelingsandgratitudeto SerifeSahinandNilgun Ozgul
whohavehelpedtremendouslyinthelaboratoryfor thisstudy.
ABSTRACT
Recoveryof proteinsfrom vanousculturebrothsis a complexengmeenng
problem,involvingmulti-stepschemesthat lead to significantloss of the desired
bioproductby conventionalmethods.The bioproductis not onlypresentin very low
concentrations,butalsoit is subjecto chemical/enzymaticdegradation.An alternative
cost-effectivemethodfor recoveryof proteinsin a highlypurifiedformmaybethrough
adsorption,whichis a separationtechniquebasedonspecificandreversiblebinding,with
the use of zeolitesthat have favorableadsorptioncharacteristicsover the other
adsorbents.Proteinadsorptioncharacteristicsof a naturalzeolite(clinoptilolitefrom
Turkey)anda synthetic(3A) zeolitewere determinedthroughvariousexperiments,
alteringparametersas pH (range3.5-6),the amountof zeolitesusedfor adsorption
(0.01-0.05g/ml) and the initial protein concentration(0.01-0.1%). Within the
concentrationa dpH rangesstudied,theadsorptioncapacityof thezeoliteswasaround
50mgprotein/gzeolite.For naturalzeolite,approximately98%wasadsorbedwithinthe
first2 minutes,whilefor the syntheticzeolite,70% was adsorbedwithinthe first 15
minutes.Uptakediagramswereobtained,adsorptionisothermswere determinedand
Langmuirmethodwasusedto describetheisotherms.Desorptionwasalsoinvestigated
aftertreatingthezeoliteswithsaltandacid,butfurtherwork is necessaryfor obtaining
betterecovery.It canbeconcludedthatclinoptiloliteis capableof adsorbingproteinsin
ashortime.Thisstudymaybethepreliminarystep,followedbyfurtherlaboratorywork
andnecessaryscale-upexperiments,towardsthe use of zeolitesin the recoveryof
proteinsin industryasanalternativeto conventionalmethods.
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Proteinlerin degi~ik kultiir ortamlanndan saf1a~tmlmaSIzor bir miihendislik
problemiolup, konvansiyonelyontemlerkullamld@ndaarzu edilen biyo-iiriiniin onemli
ol~iidekaybmasebepolan c;ok-basamakhprosesleriic;ermektedir.Biyo-iiriiniin c;ok az
konsantrasyondabulunmasmmyamSlfa,aym zamandakimyasal/enzimatikbozunma da
meydanagelmektedir. Proteinlerin yiiksek derecedesaf1a~tmlmasmdaalternatif bir
yontem,diger adsorbentlere gore daha iyi adsorpsiyon ozellikleri olan zeolitlerin
kullammlyla,spesifik ve tersinir baglanmayadayahbir aynm teknigi olan adsorpsiyon
yontemidir. Dogal (Tiirkiye'den clinoptilolite) ve sentetik (3A) zeolitlerin protein
adsorpsiyonozellikleri; pH (3.5-6 bolgesinde),adsorpsiyondakullamlan zeolit miktan
(0.01-0.05 glml), ve ba~langlC;protein konsantrasyonu (%0.01-0.1) parametreleri
degi~tirilerekincelenmi~tir. <::ah~I1ankonsantrasyonve pH bolgelerinde, zeolitlerin
adsorpsiyonkapasitesiyakla~lk50 mg proteinlgzeolit olarak bulunmu~tur.Dogal zeolit
ilk 2 dakikada %98 protein adsorplarken, sentetik zeolit ilk 15 dakikada %70
adsorplaml~tlr. <::lkl~grafikleri ve adsorpsiyon izotermleri belirlenmi~,izotermleri
yorumlamakic;inLangmuir metodukullamlml~tlr.Desorpsiyonuincelemekic;inzeolitler
tuzve asitlemuameleedilmi~tir,ancak bu konuda dahae;ah~magerekmektedir. Sonue;
olarak; zeolitler, proteinleri klsa zamanda adsorplama yetenegine sahiptir. Diger
laboratuvarve olc;ek biiyiitme denemeleri ile desteklendigi takdirde, bu e;ah~ma,
zeolitlerinsanayideprotein saf1a~tlrmasmdakullamml ie;in konvansiyonel yontemlere
alternatifolabilecekilk basamaktIr.
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INTRODUCTION
Recoveryof proteinsfromthevariousculturebrothsis a complexengineering
problem,involvingmulti-stepschemesthat lead to significantloss of the desired
bioproductby conventionalmethods.The bioproductis not onlypresentin very low
concentrations,butalsoit is subjecto chemical/enzymaticdegradation.An alternative
cost-effectivemethodfor bioseparation/recoveryof proteinsin a highlypurifiedform
maybe throughadsorption,which is a separationtechniquebasedon specificand
reversiblebindingvia biologicalreactions[1]. Researchon proteinadsorptioninclude
adsorptionontotitaniumpowder,hydroxyapatiteandnon-biologicalglasses.All studies
indicateincreasein adsorptionwith decreasingpH, althoughnot all follow the same
model.It has been observedthat natural zeolites have favorable adsorption
characteristicsovertheotheradsorbents.Thisstudyis thefirstonein examiningprotein
adsorptionontozeolites.In thisstudy,proteinadsorptioncharacteristicsof a naturaland
a syntheticzeolitewere determinedthroughvariousexperiments.The adsorptionof
bovineserumalbuminonto zeolitehasbeenstudiedas a functionof pH, amountof
zeolitesand protein concentration. Isothermdata have been analyzedusing the
Langmuirmodel,theadsorptionparameterswerecalculated.andwill providethebasis
fortheefficientuseof zeolitesinproteinpurification/recovery.
CHAPTER 1
ZEOLITE
Definition
Theword"zeolite"derivesfroma Greekwordzeeinmeaningto boil. Natural
zeoliteswerediscoveredby a Swedishmineralogist,RedrichCronstedt,in 1756as
ordinaryvolcanicminerals.It wasnotuntilthesecondhalfof the 18u\centurythatthese
mineralspecimenswerefoundto containhighamountof zeolite.Manytypeswerethen
discoveredwhichincludeclinoptilolite,mordenite,erionitethathavecommercialvalue.
Thisledtothedevelopmentof syntheticzeolitesascommercialcationexchangersin the
early20th centurywhichwereprimarilyusedin watersoftening[2]. Low temperature
synthesisanddiscoveryof naturalzeolitedepositsof sedimentaryoriginenhancedthe
useof zeolites.The firstapplicationof dehydratedzeolitesas molecularsievesin the
separationfgasmixtureswasdemonstratedbyBarrerin 1945. Syntheticzeoliteswere
firstutilizedcommerciallyasmolecularsieveadsorbentsin 1954[2].
Zeoliteshaverecentlygainedimportanceandbecomerecognizedas one of the
mostabundantzeolitemineralspeciesonearth[3]. Zeolitemaybedefinedasa mineral,
characterizedbyaframeworkof linkedtetrahedralenclosingopencavitiesin theformof
channelsandcagesthatcommonlyareoccupiedby watermoleculesandcations.These
channelsarelargeenoughto allowthepassageof guestspecies.Zeolitesshowdifferent
behaviorwhentheirframeworkis different[4].
FormationandAreasFound
Zeoliteis formedas a volcaniceruptionproduct. Informationon zeolite is
collectedbystudying"epiclastic"volcanicsediments,whichareformedthroughnormal
sedimentaryprocesses.In orderfor zeoliteto be formed,lengthof timefor whichash
remainsat theoptimumtemperatureis vital. Externalwater is also neededfor the
formation("zeolization"). Acidityof thezeolitizingfluidisveryimportant;zeolitization
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requiresneutralto alkalineconditions. On the contrary,recenteruptionsare highly
acidicandzeolitecannotbeformed[5].
Zeoliteis foundin almosteverycontinentonearth.Commercialuseis increasing
inmanycountrieswhicharealsorich in zeolitedeposits,with Bulgaria,Italy, U.S.A.,
Japan,SouthAfricaandCubaon the lead. In Turkey,mostzeoliteis in the form of
c1inoptiloliteandanalcime,andwasfirstdetectedin 1971.
Therearemorethan150syntheticand40 naturalzeoliteforms[6]. Oneof the
reasonsfor usingnaturalzeolitesis an economicone;sincetheyarepotentiallymuch
cheaperthansyntheticzeolites,theyarepreferredfor "low" technologyapplications[7].
Structure
Zeolitehasa tetrahedralstructurewithaluminumandsilicateionsin centerand
oxygenionson thecorners. Its geometryallowsthezeoliteto separatemixturesof
moleculesin gasandliquidphases. It is consideredmicroporouswith a uniformpore
sizewhichmakesit convenientfor selectiveseparationandpurificationprocesses[6].
Thisiswhytheterms"zeolite"and"molecularsieve"arefrequentlyusedinterchangeably
althoughnotall zeolitesaremolecularsieves,e.g.,natrolitecontracton dehydration,
whereasmolecularsieveshavea relativelyrigidframeworkstructurethatdo notchange
ondehydration[7].
In thedeterminationof structure-relatedproperties,variousmethodsareused:
infraredspectrophotometer(IR), X-ray diffraction (XRD), atomic adsorption
spectrophotometer(AS), inducedcoupled plasma(ICP), and scanningelectron
microscope(SEM), X-ray fluorescence,neutronand electrondiffraction,and high
resolutionelectronmicroscopy. X-ray powderdiffractiondatagives the basis for
determiningstructurewhereX-ray irradiationof zeolitepowdersproducea patternfrom
theregulararraysof ions within the structure. By studyingthe angleof pattern,
structurecanbedetermined.Thermalpropertiesof thezeolitecanbe determinedwith
differentialthermalanalysis(DTA), thermo-gravimetricanalysis(TGA), differential
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scanningcalorimeter(DSC), andmicrocalorimeter.Adsorption-relatedpropertiesare
estimatedbyvolumetricandgravimetricmethods.
Zeolites show different behavior with different silicate/aluminumratios.
Aluminouszeolitesareexcellentdesiccants,wheresiliceouszeolitesactasorganophilic
non-polarsorbents[8]. TableI showsthecomparisonoflow andhighSi/Al ratios:
Table1. Comparisonof Low andHighSilicate/AluminumRatios
Low Si/AIHigh Si/AI
Stability toacids
lmoderateto verygood
toalkalis
moderatto low
thermal
verygo d
hydrothermal
low t moderatem d ateto good
Polarity
hight m eratemoderateto low
Cat ly icactivity
yesyes
Catalyticcarriers
Clinoptilolite
Clinoptiloliteis the most abundantnaturalzeoliteon earth. Occurrencesof
c1inoptiloliteareformedin marineandlakebasinsas a resultof burialdiagenesisor
hydrothermalmetamorphismat shallowdepths. It comesin colors of white, gray,
greenishorrose,dependinguponthepresenceof accessoryminerals.Clinoptilolitetuffs
contain70-90%clinoptilolitealongwith "impurities"as montmorillonite,celadonite,
chlorite,low cristobalite,mordenite,as well as hightemperaturemineralsas quartz,
plagioclase,biotiteand potassiumfeldspar[9]. Clinoptiloliteand heulanditeexhibit
similarmorphology;andheattreatmentandelementalanalysesarerequiredfor positive
identificationf theseminerals[10]. At present,miningof clinoptiloliterocksis carried
out in Japan, U.S.A., Bulgaria, Czechoslovakia,Hungary and Cuba abundantly.
DepositsinTurkeyareinManisa-Gordes,Bahkesir-Bigadi~,Emet-Yoncaaga~,Kiitahya-
Saphane,Gediz-Hisarclk,izmir-Urla,Cappadocia.
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Clinoptiloliteisalkalirich(Na+K >Ca+Mg), andhasa Si/AJ ratiobetween4.3
- 5.3.Itshydratedform'sporeopeningsrangebetween4.0and7.2A. Clinoptilolitehas
threetypesof channels:ChannelA (7.2x 4.4A), ChannelB (4.0x 5.5A), andChannel
C (4.1x 4.0A). ChannelsA andB areparallelto eachotherandareintersectedby
ChannelC. ChannelA is occupiedbyCa,Mg, andNa;ChannelB is occupiedbyNa and
Ca,andChannelC is occupiedbyK. Thesecationsarecoordinatedwiththeframework
oxygenatomsand/orwatermolecules.Changeof locationaffectstypesof cations,pore
andchanneldimensions,which hasa strongeffecton adsorptionand ion exchange
properties[11]. Typicalmaximumtheoreticalcationexchangecapacityis around2.6
meq/g[12]. Na- or K-rich clinoptiloliteis usuallythermallystableup to 700°C.It is
quitestablewhenexposedto high concentrationof acidsand retainsits crystalinity.
Acidresistancecanbe increasedwith thermaltreatmentdueto migrationof cationsto
moreinaccessiblesites. Increasein porosityandadsorptioncapacityhasbeenobserved
bysomeinvestigatorswithacidtreatment[9]. It is lesshardthanquartzsand;onMoh's
scalethehardnessof clinoptiloliteis 3.5-4,whereasthat of quartzis 6-7; but can
successfullyreplacequartzin the purificationof drinkingwater. It was found that
c1inoptilolitefIlterspurifywaternotonlyagainstcoarse-grained,suspendedandcolloidal
particlesof mineralandorganicorigin,butalsoharmfulchemicalsasheavymetalsand
ammoma.
Its otherapplicationsincludedrying(air, ethanol,hydrocarbons),wastewater
treatment,fishery(removalof ammonium,ammonia,heavymetalions),nuclearwaste
treatmentandstorage(Cs, Sr), airpollutioncontrol(S02,CO2,NOx), energyrecovery,
heating-coolingsystems,animalfeedadditive,soil conditioner(efficientuseof fertilizer
andwater),odorcontrol,filler in paperandcement[11,13,14,15].Theseareexplained
inmoredetailaterinthechapter.
3A Zeolite
3A Zeoliteis usedasa syntheticzeolitemodelin our experiments.The number
besidesthelettersuggeststheporedimensions,anddifferencebetweentheother(4A,
5A) zeolitesis in thecationpresent. 3A Zeolitecontainsthe potassiumion, which
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permitstheentryof moleculessmallerthan3 Ao where only H20 andNH3 can penetrate
throughthewindow. 3A Zeolite is usedas a sealedcartridgein refrigerationcircuits to
drytherefrigerants,in vehiclebreakingand air conditioningsystems,and in heavy duty
transformers,as well as heat and sound insulators. 3A Zeolite is preferred in drying
crackedgas,ethylene,propyleneandmethanol[3].
APPLICATION OF ZEOLITES
The major factors which determinethe commercialuse of zeolites include: (1)
structural,thermal,adsorptionandion exchangeproperties;(2) availability;(3) cost.
Applicationsof zeoliteshavegrown rapidly with increasingawarenessof zeolite
propertiesandtheirextensivepotentialuses. Someof theareasareas follows:
a) Useasan ionexchanger
Althoughthe ion exchangeprocess was discoveredin 1850, it was not used in
industrialseparationprocessuntil 1905 in water softeningand to remove certain metal
ions,especiallyiron andmanganese.From 1905to 1935,aluminosilicateswere the only
ionexchangersavailable,operatedin neutralpH regions. After 1935,sulfonatedcoal ion
exchangersand their derivatives were commercially developed. Due to lack of
knowledge,zeolitesdid not attractsignificantinterestas commercialion exchangersuntil
theearly 1960's. However, their superb qualities led the discovery of many zeolite
structuresandexpandedtheir use. First commercialuse involvesprocessingradioactive
wastes,followedby its usein wastewatertreatment[12].
Zeolites provide unique combinationsof selectivity, capacity and stability not
availablein other ion exchangers. Zeolites, particularly clinoptilolite, have a high
exchangecapacityfor cations which makes them possible to be used in waste water,
nuclearwaste,and hard water treatment;and since they are especiallyNH4-selective,
removalof ~ from water which has a toxic effect. Many zeolites exhibit high
selectivityfor various heavymetals. Especially removal of Cd, Cu, Pb, and Zn from
wastewaterswerestudied[2].
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Its useas a detergentadditive[16] by removingCa++ andMg++ ions through
selectivexchangedoesnot causeanyenvironmentalproblems,as well. Since the
1960s,theuseof phosphatesasbuildersin laundrydetergentshasbeencriticizedbecause
oftheircontaminatingeffect. Regulationsin manycountriesrequirereductionor total
banoftheuseof phosphatesin detergents.Useof zeolitesasphosphatesubstituteshas
wonrecognitionsince1978andproductionof ZeoliteA hasbeenincreasingeversince.
Additionof zeolitebooststhedetergencyperformanceandreducesdepositson fabrics
[17].
Zeoliteis alsousedin medicinefor artificialkidneydialysateregeneration[2].
Hemodialysistreatmentin artificialkidneysystemsinvolvesthetransferof uremicwastes
throughmembranesby dialysisto a dialysatefluid while the small pores of the
membranespreventlossof desirablebloodcomponents.Sincelargevolumesof dialysate
solutionsareneededfor a singletreatment,a processto removethewasteproductsfrom
thespentdialysatesolution,thus enablingits reusewas developedwith the use of
zeolites.
Zeolite'sporousandrigid structure,as well as its stabilityacrosstherangeof
commonsoil pHs and ion selectivitymake it possibleto be used extensivelyin
agriculture.Clinoptiloliteis used as agent for soil conditioningand remediation
[18,19,20,21,22,23].Eventhoughmixedresultshavebeenfoundin usingzeolitesfor
slow-releasef rtilization,in general,zeoliteshavethepotentialto improvefertilizer-use
efficiencybyslowingnitrification,reducingvolatilizationlosses,reducingleachinglosses,
and/orslowlyreleasingNH/, K+, and other nutrientcations. Their use as soil
conditionersareto improvethephysicalpropertiesof thesoilandtheremediateacidicor
contaminatedsoils.
Theterm"zeoponics"hasrecentlyreceivedattentionasanimportantprocessin
agronomyandhorticulturewhichinvolvescultivationof plantsin a syntheticsoil that
includeszeolitesasanimportantcomponent.Most zeoponicapplicationstook placein
Bulgaria,CubaandtheU.S. wherelargevarietyof cropswereinvolvedcommercially.
Theappliedsystemstakeadvantageof thechemicalstability,hardness,rigidandporous
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structureandnutrient-bufferingcapacitiesof thezeolite[23].Slow releasefertilization,
zeoponicsandsoil conditioningtechniqueshavegreatcommercialpotentialbecauseof
demandsforbetterfertilizerefficiencyandenvironmentalprotection.
Clinoptiloliteis usedin animalfeeding[24,25]. Extensivestudiesin Japanand
theU.S. showincreasedweightgain,increasedfeedingefficiency,reducedincidenceof
intestinalndotherdiseases,e.g.,ammoniatoxicity,reduceddeathrates,increasedegg
shellquality,andlowerodor of animalexcrement[12,26].It hasbeensuggestedas a
dietarysupplemento improveabsorptionof immunoglobulins,totalprotein,iron, and
copperin newborncalves [27]. In ruminantanimals,clinoptilolitealters rumen
fermentation,therebymodifyingfattyacidproductionby rumenbacteriaandchanging
milkandbodyfat content.Zeolitesmayalsobe usedin thesanitationof manureand
animalbeddingasaneffectivedeodorizeranddehydrationmaterial[28]. Zeolitesalso
protectpigs,chickensandturkeysfrommycotoxinspresentin contaminatedgrainsand
reduceaflatoxinconcentrationin milk from cows fed aflatoxin-contaminatedfeeds.
Althoughtheexactmechanismis notyetknown,ion exchangepropertiesare likelyof
greatimportance.Widespreadapplicationawaits further quantificationof animal
responses[29].
Zeolite(cIinoptilolite)is widelyusedin aquaculture;whenextensivewaterreuse
ispracticed,theammoniareleaseddirectlyby thefishandbacterialgrowthin the feed
will reachtoxiclevelsif not removed.Zeolitesare usedto removeammoniawhich
escapesthebiologicalfilteror asabackupsystemindependentlyto removeNHt [12].
It shouldbenoted,however,thatthesuccessfuluseof zeolitesasion-exchangers
dependsonthemineralogical,physicalandchemicalcharacteristicsof theparticulartuff
andphysicochemicalp rametersasequilibriumcoefficientandkineticcoefficientmustbe
knownpriortouse[30].
b) Useasan adsorbent
Naturalzeolitesaregoodadsorbentsfor H20,NH3, H2S,NO, N02, S02, CO2,
buttheiruseassorbentsin industryis limited. Syntheticzeolites(especiallyA andX)
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areusedforgasdrying.Althoughaluminaandsilicaarestillusedindustriallybecauseof
theirdesirablethermalandmechanicalproperties,naturalzeolitescan replacethemin
someapplicationsas naturalgas drying,air dryingand NH3 removalduring coal-
gasification[13,31,32,33].Someof theareasusedcanbesummarizedas:dehydration
[32],removalof carbondioxideandnitrogen,airpollutioncontrol(removalof Hg, NOx,
SOx), bulkseparation,energyconservation,solarenergyandheatpumpthroughsolid-
gasadsorptioncoolingsystem[13], variouspurificationprocesses,vacuumfreeze
dryingof food[34],aspirinadsorptionto reducesideeffects[35],aflatoxinadsorption
[36].
c) Catalyst
Selectivecatalyticreductionis themosteffectivetechniquefor removingNOx
fromfluegasses.Underlow NO concentrationandhighO2 access,zeoliteis foundto
catalyzeNO reductionandNH3 oxidation[37]. In thehydrationof acetylene,theCd-
exchangedformof naturalc1inoptiloliteis foundasoneof thebestcatalysts[26]. Some
otherareasof zeolitesusedascatalystsare:Hydrocarbontransformation,hydrogenation
and dehydrogenation,metanization,carbohydrateseparation[38], catalytic and
hydrocracking,hydroisomerization,dewaxing,methanolto gasolineconversion,benzene
alkylation[3],dehydration,organiccatalysis,inorganicreactionsasH2S oxidation,CO
oxidationandbreakingof H20 to H2 andO2 [2].
d) Other
Themostancientuseof zeolitesis theiruseasbuildingmaterials.Zeoliteswere
foundintheruinsof Etruscan,GrecianandRomanwalls. This usehascontinueduntil
thepresenttimeespeciallyin Italy. Zeolitictuffshavemechanicalpropertiescomparable
withthoseof othernaturalbuildingmaterials.The maincharacteristics theirabilityto
actasathermalstoredueto theirabilityto adsorbanddesorbwatermoleculesreversibly
[13].Nevertheless,buildingsarecoolduringthedayandwarmatnightsincethezeolite
removesheatfromtheenvironmentby desorbingwatermoleculesduringthewarmest
hoursoftheday,andreturnsthisheatduringthecoolesthoursatnightby re-adsorbing
water.Thus,thermalregulationis combinedwiththeenvironmentalhumidity[39].
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CHAPTER 2
ADSORPTION
Definition
Adsorptionistheadhesionof moleculesonthesurfaceof solids.As describedby
Sing,et.al.,adsorptionis theenrichmentof oneor morecomponentsin an interfacial
layer[40].
Substancein the fluid phasewhich is capableof being adsorbedis called
"admrptive",fluidalreadyadsorbedis "ad50rbate"andthesolidusedfor adsorbingis
the"adsorhent".
Therearetwo kindsof adsorption:physicalandchemical.Table2 showsthe
comparisonfthetwo:
Table2. Characteristicsof PhysicalandChemicalAdsorption
PhysicalAdsorption
Lowadsorptiontemperature
on-specific
Singleandmulti-layeradsorption
Definiteinrelativelylowertemperature
Fastandreversible
oelectrontransfereventhoughadsorbate
polarizationoccurs
ChemicalAdsorption
Highadsorptiontemperature
Specific
Onlysinglelayeradsorption
Widerangeof temperature
SlowandIrreversible
Chemicalbondsareformedduringelectron
transfer
"Physisorption"occurswheneveranadsorptiveis in contactwith theadsorbent.
In additionto the dispersion-repulsionforces, specificmolecularinteractions(e.g.,
polarization,field-dipole,fieldgradient-quadruple)usuallyoccurasa resultof particular
geometricandelectronicpropertiesof theadsorbentandadsorptive.
"Desorption,. is theconverseprocessof adsorption,wheretheamountadsorbed
decreases."Adsorptionhysteresis"ariseswhenthereverseisothermdoesnotfollowthe
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sameprofileas the forwardprocessand adsorptionand desorptioncurvesdo not
coincide.
In "monolayer"adsorption,all theadsorbedmoleculesare in contactwith the
surfacelayerof theadsorbent;whereasin"multilayer"adsorption,morethanonelayeris
involved.
Adsorbents
It isimportantto definethecharacteristicsof theadsorbentbeforedecidingif it is
appropriatetobeusedfor a specificadsorptionprocess. Adsorptionis directlyrelated
tothefeaturesof theadsorbentas:shape,porosity,surfacearea,polarity,surfaceenergy
andnumberof adsorptionsites[41]. Amongthese,theeffectof porosityon adsorption
hasbeenthemostextensivelystudiedphysicalproperty.
Adsorbentsof highsurfaceareaaregenerallyporous. In adsorption,poresizeof
anadsorbentandtotal pore volumeis important,as well as the shapeof the pore.
IUPAChasadoptedclassificationof poresaccordingtothewidth:
a. macropores(>50nm)
b. mesopores(2-50nm)
C. micropores« 2nm)
However,thesearearbitrarysincetheporefillingmechanismsareaffectedby the
poresizeandshape,as well as the propertiesof the adsorptive[42]. Commercial
adsorbentsaregenerallymadefrommicroporousolids,whichhavea well-definedpore
sizedistribution[43].
Therearethreeclassesof adsorbents:Inorganicadsorbents,yntheticadsorbents,
andcompositeadsorbents(combinationof thefirsttwo):
1. Inorganicadsorbents:They are not very specific,havea low capacityand are
difficultogenerate(activatedcarbon,silica,calciumphosphate).
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2. Syntheticadsorbents:Theyusuallyconsistof cross-linkedpolymerchains.
3. Compositeadsorbents:Theycombinethegoodmechanicalpropertiesof inorganic
adsorbentswithfavorableadsorptionpropertiesof polymericadsorbents[44].
AdsorptionIsotherms
Whenanadsorbentis in contactwitha fluid,adsorptiontakesplace,andaftera
sufficientlyongtime,theadsorbentandthefluid reachequilibrium.This canbe seen
throughadsorptionisotherms. Nature of the adsorptionprocesscan be told by
interpretingthe adsorptionisotherm,which showsthe relationbetweenthe amount
adsorbedandtheequilibriumpressureof gasat constantemperaturein gassystemsor
theequilibriumconcentrationof theadsorbentin liquidsystems[45].
Adsorptionisothermsareclassifiedby IUP AC into six groupsaccordingto the
natureof adsorption.If thetendencyto adsorbis high,isothermswith a steepinitial
slope("highaffinityisotherms"-Type I) areobtained.The straightline showsthatthe
adsorbatehasfilledall theemptyspacesof theadsorbentandadsorptionoccursas a
singlelayer.Accordingto theTypeI isotherm,initialpartof theisothermis associated
withmicroporefilling,andlow slopeof theplateauis dueto multilayeradsorptiononthe
smallexternalarea. Type I isothermis seenwith microporousadsorbents,where
microporevolumeratherthaninternalsurfaceareais thegoverningfactor [40]. The
maximumamountadsorbedis relatedto thesurfaceavailablefor adsorption[44].
adsorbedamt.
relativeP
Figure1. Adsorptionisotherm- TypeI
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In thedescriptionof adsorptionisotherms,variousmodelsareused.Among
them,Langmuirmodelistheoneusedinthedescriptionof TypeI isotherms:
q be
qs = 1+bc (Eq.l)
q =concentrationf adsorbedproteinatequilibrium
qs=adsorbentsaturationcapacity
c=freeproteinconcentrationatequilibrium
b=constant
WhenusingtheLangmuirmodel,severalassumptionsaremadeas: thereis no
changein structureupon adsorption;adsorptionis reversible;thereis no interaction
betweenadsorbedmolecules;adsorptionoccursin a monolayer;andall adsorptionsites
areidentical[12],whicharenotvalidfor allthecases.
Determinationof SurfaceArea
In determiningthe surfacearea,it becomesimportantto distinguishbetween
externalndinternalsurfaces,especiallysinceadsorbentsof high surfacearea are
porous.It isnotedthatexternalsurfacesincludealltheprominenceandsurfaceof those
crackswhicharewiderthandeep;andthatinternalsurfacescomprisethe wallsof all
cracks,poresandcavitieswhicharedeeperthanwideandaccessibleto theadsorptive
[40].BET (Brunauer-Emmett-Teller)methodis generallyusedfor thedeterminationof
thesurfaceareaof porous materials. This methodgeneralizesthe treatmentof
Langmuir,andincorporatestheconceptof multimolecularlayeradsorption.Following
assumptionsaremadewhenusingthismethod:
• Moleculesontheouterlayerof theadsorbatearein equilibriumwithfluid
• Moleculesoneachlayerof theadsorbatestayconstant
• Adsorptionheatof all layersexcepthefirstlayeris equalto themolarcondensation
heat.
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P 1 (c-l) p
n(po- p) - nQ + nmQ *po (Eq.2)
n =amountadsorbed
p/Po=relativepressure
nm =monolayercapacity
Q =constant(relatedexponentiallyto theheatof adsorptionfor thefirstlayer).
It shouldbe notedthatwhenusingtheBET methodin micropores,different
terminologyarises."Microporecapacity"is theamountof anadsorptiverequiredto fill
allthemicroporesof an adsorbent.Convertingthis to the "micropore volume", it is
assumedthatthe poresare filled by liquid adsorptive. However, this assumption
excludesthefactthatporesizeandshapeaffectthedegreeof molecularpackingin small
pores[42]. Thewholevolumepresentin microporesmaybe regardedas adsorption
spaceandtheprocesswhichthenoccursis the"microporefilbng',whichdiffersfrom
surfacecoveragethattakesplaceonthewallsof openmacroporesor mesopores.
AdsorptionPropertiesof Zeolites
Oneof themainstructure-relatedpropertiesbywhicha zeoliteis classifiedis its
adsorptiveproperty.Theamountsorbedgivesideaabouttheporosityof thezeolite;the
highertheporosity,thegreatertheamountsorbed[46],sincethesurfaceareaandpore
volumeincreasewithporosity.
Adsorptionpropertiesof azeoliteis affectedbyits structure,locationandsizeof
itscationsandpresenceof moleculesformerlyadsorbed.It is possibleto changethe
zeolitestructureformoreefficientuseasanadsorbentor catalyst.Someof themethods
usedare:decationizationa dcationexchange,dealumination(washingwithacids).
Adsorptioncharacteristicsareusuallypresentedas isotherms(plot of amountof
adsorbedasa functionof fluidconcentrationat constantemperature),isobars(plot of
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amountadsorbedasa functionof temperatureatconstantpressure)or isosters(plot of
fluidconcentrationasafunctionof temperaturewhentheamountadsorbedis constant).
Whencomparedwithotheradsorbentslikeactivatedcarbon,silicagel,activated
aluminaandclay,zeoliteshaveuniformporesizes,whicharealsouniformthroughout
theparticle.Althoughin all otheradsorbentsadsorptiondependson the fluid phase
concentrationa dis low at low concentrations,zeolitesarecapableof workingwell
underlow concentrations. Thesepropertiesmakezeolitesconvenientfor selective
separationa dpurificationprocesses[32].
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CHAPTER 3
PROTEINS
Structureand Purificationof Proteins
An understandingof thestructuresandinteractionsof proteinsshouldform the
basisforobtainingselectiveadsorption.
Proteinsare co-polymersof aminocarboxylicacid groups which are joined
togetherbyamidelinkagesformedbythecondensationreactionof theaminogroupof
onemonomerwiththecarboxylicacidgroupof another.Molecularweightof a protein
islargerthan10,000,butmaybeashighasseveralmillion. Proteinscanbeeitherwater
insolublesuchasfiber-formingproteins(e.g.,silk,woodandcollagen),or watersoluble
asbloodproteinand casein. The fundamentalstructureconsistsof a hydrophobic
interiorandahydrophilicexterior[47]. Themolecularstructureof proteinis chemically
representedas NHrCHR-COOH whereR canbe derivedfrom any of 23 different
aminocarboxylicacids.
A setof processoperationsareusedwithinthe food and chemicalindustries
dealingwithproteinpurification.Thisprocessis classifiedintofourphases:
1. Removalof insolublesfromthestartingbiomass;
2. Productisolation;
3. Productpurification;
4. Polishingandpackaging.
First phasereqUIresprimarilymechanicaloperations,e.g. cell disruption,
extraction,centrifugation,andfiltration.Secondphaseyieldsa low-resolutionseparation
ofproductmoleculefromtheothermaterialsthatmaybepresent.Third phaseemploys
processesofhigh-resolutionandselectivityto refinetheproductfrommolecularspecies
thatmaybesimilarinphysicalor chemicalcharacteristics.Finalphasewill oftenemploy
purificationtechniquesof lower resolutionto removesinglespecificcomponentsthat
passedthroughthe previousrefinementstages. This phaseemploysprocessesas
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formulation,freeze-drying,sterilefiltration,etc. to preparetheproductfor packaging
andstorage.
Figure2 showsstepsof proteinpurification[48]:
__.. ___..l
! I
WASHING
r
ELUTION
r
WASHING
I
: I REGENERATION I
: ---- -- r
I WASHING II
Figure2. Proteinpurification
ProteinAdsorption
Variouspurificationtechniqueshaveto be usedto isolateproteinsfrom their
crudesourceto the desiredpurity.Researcherstudyingadhesionand behaviorof
platelets,endothelialcells, fibroblastsand othercells on substratesare dealingwith
proteinadsorption,aswell as food technologists.Researchon proteinadsorptionwill
alsoenablescientiststo examinetheinteractionsbetweenbloodandsyntheticmaterials
[49].
Industrialapplicationsof adsorptiontechniquesfor proteinpurificationhave
attractedconsiderableattentionbecauseof highselectivity/costratio[50]. Adsorptionis
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a widelyusedmethodin separationprocesses;however,proteinadsorptionis not
common.Proteinadsorptioninvolvestheadsorptionof proteinmoleculesfroma liquid
phaseontoa solidphase;butyet is a complexprocesssincethesurfaceof proteinsis
continuouslychangingbecauseof itsmetabolicandothergrowthactivities.A numberof
studieson adsorptionhavebeen madeto understandthe interactionmechanisms
involvedin proteinbinding,buttheystillremainunpredictablesinceadsorptiondepends
mainlyontheproteinstructureandon ionizedgroups[51].Someof thecomplicating
factorsthataffectproteinadsorptionare:
•Thedistributionof surfacechargesis unevenandthenetchargeis pH-dependent;at
pHneartheisoelectricpoint,theintraparticlediffusionis ratelimiting,whereasat pH
valueslowerthantheisoelectricpoint,therateis increasedbyelectrostaticeffects[52];
•Both(+)and(-) chargesarepresentunderallconditions;
•Proteinsmayunfoldunderacidor alkalineconditions,thuschangingtheirapparent
physicochemicalproperties;
•Proteinsaresubjecto chemicalandenzymaticdegradation;
•Contaminatingproteinsarepresentinthebrothwhicharesimilarin size,charge,etc.to
thoseof the desiredprotein [1]. Contaminantscould adsorbonto the pores and
eventuallyblockbioproductdiffusion.Alternatively,externalfoulingfilmonthesurface
mayformandreducediffusionbyintroducingmasstransferesistance.
•Proteindenaturationis a commonproblemin chromatographicseparationsdue to
significantal erationof protein'sstructureandpropertiesbychangesin pH, temperature,
ionicstrength,etc. Likewise,additionof solventsor contactwithdifferentsurfacescan
alsoalterproteinformation.Proteinrecoveryis greatlyreducedby denaturation,and
adsorptionmechanismsmaybemisinterpreted[47].
Nevertheless,trongamphipathicnatureof proteins,resultingfromtheirmixture
ofpolarandnon-polargroups,causesthemto be adsorbed. This propertyenables
proteinsto be usedas food additivesto stabilizefood foamsand emulsionswith
prolongedshelflife, as well as separationof proteinsusing foam fractionationin
downstreambioprocessing[53].
18
Followingarethestepsof theproteinadsorption-desorptionprocess:
(i) transportof proteinmoleculestotheadsorbent;
(ii) attachment;
(iii) rearrangementof the conformationof the adsorbedmoleculein responseto the
changeinmicroenvironment;
(iv) detachment;
(v) diffusionawayfromthesurface[54].
In proteinadsorption,choiceof theadsorbentis important,sinceit shouldhave
anaffinityonlyfor thedesiredproteinandnonefor theothercomponentspresentin the
broth.Immobilizedantibodies,havinghigh specificityand high bindingaffinity,are
widelyusedinproteinpurification[55].
Zeolitesareusedasanalternativeadsorbentfor proteinadsorptionin thisstudy.
Zeolitesare made from small particlesof the microporoussolid formed into
macroporousparticlesof a sizeconvenientfor processuse. In general,whenprotein
moleculesare beingadsorbed,they face severalmasstransferresistancesas: film
diffusionresistance(transferfrombulkliquidto theoutersurfaceof theparticle),pore
diffusionresistance(movementby diffusioninto the pores) and surfacereaction
resistance(interactionatthebindingsite)[55]. Whetherexternalor internalresistances
willbeeffectivewill dependontheconditions.Zeolitediffusivityis highlyaffectedwith
dehydration,wherecationlocationsarealsoaltered[43]. Moreover,masstransferis
affectedbytheporesizeandtortuosity[52]. All theselimitingresistanceshouldbe
takeni toaccountintheapplicationof adsorptionprocess[56].
In highlyspecificseparations,onlythedesiredproductadsorbswhileothersrun
through;anyremainingcontaminantsareremovedwith a washprocedureanddesired
productiselutedin a pureformwithaneluenthatreducestheaffinityof theadsorbate
fortheadsorbent.Acidic buffersor strongsolutionsof ureaareoftenusedto elute
proteins.
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Most large-scaleadsorptionprocessesare carried out with packed bed.
Advantagesof usinga packedbedcanbeoutlinedas:
1. easyscale-up;
2. stagesof separationcanbeautomated;
3. highdegreeof purificationis achievedin asinglestepprocess[55].
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CHAPTER 4
MA TERIALS AND METHODS
Naturalzeolite(c1inoptilolite),whichwas identifiedin previousstudies[13,32]
fromManisaregion,Turkey,andsynthetic(3A) zeolitewerecrushed,ground,soaked
andthoroughlywashedwithwaterat90°Cto removeundesiredsolvableimpurities,and
preconditionedby thermalactivationin a furnaceat 250°Cfor 8 hours.Microscopic
examinationshowsthatimpuritiesformerlypresentwere partiallyremovedwith this
process.Theywerestoredin a vacuumdesiccatorbeforeusein adsorptionexperiments.
Zeolitesampleswerereducedin sizewiththeuseof ballingmillto haveuniformsizeand
toincreasethesurfaceareaavailablefor adsorption.
Proteinusedinthisstudywasbovineserumalbumin(BSA) (SeeAppendixA).
Batchkineticexperimentswerecarriedout to investigatetheeffectsof thepH,
thezeoliteamount,andproteinconcentration.Whenproteinadsorptionexperimentsare
carriedout in the laboratory, adsorbentis addedto a seriesof flasks containing
adsorbateatvariousconcentrations.The flasksareagitatedin a waterbathat constant
temperaturentiladsorptionreachesequilibrium.Concentrationsof proteinin theliquid
phase(c ) is measured,adsorbateconcentrationsand equilibriumcapacitiesof the
adsorbent(q)arecalculatedbysimplemassbalances.
For eachsample,four differentbuffersolutionswerepreparedto determinethe
effectof pH onadsorption(pH range3.5-6). Zeolitewasconditionedin thesebuffers
for24h.tohavepH stabilityBecauseof thepossibledenaturationof proteins,protein
solutionwasconditionedin a potassiumphosphatebuffer[51]. 1 m]0.1% BSA was
addedto theknownamountsof zeolitesamplesin flasksin a waterbathat 25°Cand
agitatedat300rpm. Samplesfromtheliquidphaseweretakenagainstimeto determine
adsorptionkineticsandcentrifugedfor ]0 min at 3000rpm. Protein analyseswere
carriedoutusingShimadzuUV 1601uv-visiblespectrophotometer,Lowry methodwas
usedtodeterminetheamountof proteinwith theuseof theproteinassaykit by Sigma
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Diagnosticand standardcalibrationcurve was obtained(see AppendixB). BSA
concentrationsweredeterminedby uv absorbanceat 750nmandtheopticaldensities
wereconvertedto concentrationsby referenceto calibrationdata. Results were
determinedasshowninthesamplecalculations(seeAppendixB).
Knowingtheinitialproteinconcentration,theamountof BSA adsorbedby the
zeolitewascalculatedby simplemassbalance.In order to put zeolitesin favorable
conditionsfor competition,aciditywherethe optimumadsorptionobtained(pH: 3.5)
wasusedto determinetheeffectof zeoliteamountin adsorptionby using3 different
amounts(0.01,0.03and0.05g/ml).
Thirdparameterthatcouldaffectadsorptionwastheproteinconcentration.The
equilibriumliquid-phaseconcentrationswere obtainedby allowing 4 days for the
adsorbent-liquidmixturesto cometo equilibrium.Threedifferentproteinconcentrations
(0.01,0.05,and0.1 g/ml)were usedand samplesweretakenagainsttimefor both
zeolites.
Desorptionwas also investigatedafter treatingthe zeoliteswith salt and
increasingthepH. pH of thefluidwherethezeolitesampleswerekeptwasincreasedto
8.5for3 days,howevernodesorptionwasobserved.Whensamplesweretreatedwith
3MNaCI,desorptiondidtakeplace.
Adsorptionisothermsareobtainedfor bothzeolitesamplesandLangmuirmodel
wasusedinthedescriptionof adsorptionequilibria.
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CHAPTERS
RESUL TS AND DISCUSSION
Localclinoptilolitewascharacterizedexperimentallyin a volumetricadsorption
system(MicromeriticASAP 201OM), by usingnitrogengas with high purityas the
adsorptiveafterdegassing1 hourat 90°C,4 hoursat 200°Cand24 hoursat 350°C.
Followingdatawasobtained:
BET surfacearea:
Langmuirsurfacearea:
Mediumporediameter:
29.05m2/g
29.32m2/g
5.8A
(correlationcoefficient=0.998)
(correlationcoefficient=0.998)
(actualporesizeis smaller).
Sinceporediameterof theclinoptiloliteis lessthan4 A andmoleculardiameter
ofnitrogenisaround3.6A, surfacecharacterizationof clinoptiloliteusingnitrogenis not
asuitablemethod;becausethediffusionmechanismfor nitrogenentranceto theporesat
theliquidnitrogentemperatureis very smalland sometimeseven impossible,and
attainmentof equilibriumis quitedifficult. Nevertheless,thismethodis conventionally
usedforcomparisonof surfaces[57].
In ourexperiments,we foundoutthatpH doesnothavea significanteffecton
theadsorptionof localclinoptilolite,whereasin 3A, it is highlycritical. Acidic pH is
morefavorablein proteinadsorptionon 3A zeolite.As alsostatedby Fargueset.al.,
BSA adsorptionincreaseswhen the pH of the solution decreases[51], whereas
Yamamotoet.al.showsdecreasein adsorptionwith decreasingpH [58]. It hasbeen
noticedthatmaximumproteinadsorptiontakesplacenearits isoelectricpoint which
supportsourfindings.Yoshidaet.al.statesthateffectof pH on theisothermis strong
aroundpH=pI. Aroundtheisoelectricpoint,interactionbetweenproteinandsurface
becomesweakeranddiffusionproceedsmorerapidly. SincethepI of BSA is 4.9, the
BSA moleculeswould be negativelychargedat pH>5 and may be adsorbedby
electrostaticattraction;andasthenegativechargesof theBSA increasewith increasing
pHofthesolution,theelectrostaticattractionsbecomestronger[58]. With decreasing
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pH,theelectrostaticnteractionbetweentheproteinandtheadsorbatesurfaceincreases,
thusincreasingtherateof adsorption[52].Resultsaregivenin figures3-6 for natural
zeoliteandfigures8-11for 3A Zeolite;comparisonsaregivenin figures7 and 12for
naturalnd3A Zeolite,respectively.
As canbe seenin Figure 13, thehigherthe amountof zeolite,the lower the
amountadsorbed.Althoughthecurveswereexpectedto overlap,thisbehaviormight
indicatethatexternalmasstransferis alsoimportantandthatshakingis not enoughto
geta uniformliquidphaseconcentrationaroundthezeoliteparticles.When sufficient
shakingis achieved,betterdiffusionandadsorptionis obtained.Thereis a fluctuation
observedwith zeolite amount0.01 g/m!. Similar resultswere obtainedby other
researchers[59-61], andthis was explaineddueto a resultof rearrangementsin the
structureof alreadyadsorbedmolecules.Conformationalchangesin themoleculeslead
tosomeunfolding,whichresultsin anincreasein thenumberof proteinsitescontacting
thesurface.Someproteinmoleculesmaybecomedetachedin favorof thespreadingof
otheradsorbedmolecules.
Natural and syntheticzeolites act differentlyagainst changesin protein
concentration.Syntheticzeolite is found to be more stable against changes.
Experimentalresultsandcomparisonsaregivenin figures14-19.
AdsorptionisothermsareobtainedandLangmuirmodelisusedinthedescription
ofadsorptionisotherms.In orderto testLangmuirisothermagainstexperimentaldata,
Equation1canberewrittenintheform:
1 I I I
q = qs+bqs*~ (Eq.3)
Theplotof lIq againstlie shouldyielda straightlineof slopeI I bqs, intercept1I qs.
Langmuirmodelgives approximaterepresentationof the systembehaviorat low
concentrations,butbreaksdownin thesaturationregionwhentheeffectsof molecular
interactionbecomeimportant. SPSS statisticalprogramis usedon the computerto
obtaintheresultswithintheconcentrationrange0.04-3.58mg/mlfor clinoptilolite,and
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0.0001-0.574mg/mlfor 3A Zeolite.As canbeobservedfromtheresultsthatareshown
inTable3andin figures21-24,predictedvaluesareanalogousto experimentalresults.
Desorptionwasalsoinvestigatedwhensamplesweretreatedwith saltandtheir
pH wasincreasedwith theadditionof analkalibuffer. IncreasedpH didnot haveany
affectondesorptionfor neitherof thezeolites.Whentreatedwith 3M NaCI, 20-25%
desorptiontook placeduringthefirst24 hours,reachingonly35% in 7 days. Further
laboratorywork is requiredto obtainbetterrecoveryof proteinsfromzeolitesthrough
desorption.
Table3. SPSSdataresultsfor adsorptionisotherms
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CHAPTER 6
CONCLUSION
The optimalchoice of an adsorbentis influencedby a numberof factors,
includingthedifficultyof thepurificationprocess,thesensitivityof fragileadsorbentsto
theconditions,andits affinityto thedesiredproduct(protein).In general,thechoiceof
ahighlyspecificadsorbentwill resultin a reductionof thetotalnumberof stepsneeded
in a purificationprocedure,but the expenseof the adsorbentand its fragilitymay
outweighsuch considerations. However, zeolites,which are very stable against
environmentalchanges,exist extensively.Our studyshowsthe affinityof zeolites,
especiallyc1inoptilolite,to adsorbproteinsin a shorttime,thusdecreasingtherisk of
productdeteriorationduringpurification. This studymay be the preliminarystep,
followedbyfurtherlaboratoryworkandnecessaryscale-upexperiments,towardstheuse
of zeolitesin the recoveryof proteinsin industryas an alternativeto conventional
methods.
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APPENDIX-A
Propertiesof BSA
BSA is widelyusedas a modelproteinto studyproteinadsorptionsinceit is
well-characterized.BSA hasa molecularmassof 66000daltonsandanisoelectricpoint
(pI) of 4.9. It hastheshapeof anellipsoidwith axesof 14and4 nm. Proteinsare
polyelectrolytes,othechargevarieswithpH. Net chargeof themoleculeis 0 atthepI.
ThenetchargeatpH 5,6 and7 is -2, -12and-18,respectively.Severalisomersof BSA
existatvariouspH's. Main structuraltransitionsoccuratpH =4.3andpH =8.0.
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APPENDIX-B
St. # conc.ABS
1
0 CalibrationCurve2
10.093
3
2 68
1.54 3
4
5
4 27en
6
58
UI
ct 0.57
1 00. 2
8
21 58
9
3 3 9 100400
10
095 conc.
LOWRY METHOD
Lowry methodis used in the detenninationof proteinconcentrations.
After samplesweretakenanddilutedwithwater,1 ml. reagentsolutionwas
added.Mter waitingfor 20 minutes,0.5 ml phenolwas addedwith intense
stirring. Mter 30 minutesof waitingperiod,sampleswere readyfor uv-
spectrophotometero detenninetheamountof protein.
Formulationusedtocalculateq antic values
W * q=V (ci - c)
q=amt.of adsorbedproteinperg. of zeolite
ci=initialproteinconcentrationproteinc ncentrationofliquid (non-adsorbedprotein)W =totalamountof zeoliteV v lume f liquid ds rpti experimentis carriedout
Samplecalculation:
Absorb n eat750nm= 0.145Proteinco e trationof thedilutedsample=20.065llg/mlSincesa pl is dilu edby 1/4=20.065x 4=80.2611g/ml=0.080mg/ml(c)d da ou t= 1* - 0.080= 920 g/ml
** ***Adsorbedamt.perg.zeolite=0.920/ 5 xlOO =18.39mgpro/g.zeo(q)
* initialproteinc c.used/orthisparticularsample(mg/ml)
** totalzeoliteamounused(g)*tot lv um used(ml)
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APPENDIX-C
EXPERIMENTAL RESULTS
CLINOPTILOLITETotalzeoliteamount=5g.Ini ial protein=0.1%pH =3.87
pro.concpro.conc.
adsorbed
ofdilute of liquid adsorbed ro/gsample
(c)amountq)
time
ABS(Ilg/ml)(mg/ml)(mg/g
2.5'
0.0375.01029819.599
5'
0. 392 17978
7 ,-,
404 2866.J
10'
0.0415
1 '
3848
20
23 1
3
68 34662
4
4 9736 5
Ih
0.02
h
7 557 02
48
6 4
2
8
364
6
48
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=5g.Ini ial protein=0.1%pH =5.75
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(Ilg/ml)(mg/ml)g)
2.5'
0.817131.8700.5270.4739 50
5'
0.8182 0 8234
7.
0629 61981627
10'
0.746 46510 8
15'
60 4 683
20'
512 1999
3
5 28 .. 553 0
4
5 775
h
0.4 168
2
08393
8
7
24
6
36
0 44
4
49
APPENDIX-C
EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH= 5.20
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount (q)
time
ABS(~g/ml)(mg/ml)g
l'
0.915152.4500.6100.3907 804
2.5'
0. 7623 4955 51 8
5'
604 70 9811 2
10'
0.69 . 30.3886122 7
3
.8 93775 3
Ih
.48 2347661
2
26 2
4
159
7
759 0
2 h
4
48
2
3 days
6
4
8
6
09
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH =4.11
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(Jlg/ml)(mg/ml)g)
0.5'
0.915152.4500.6100.3907 804
I'
0.62595.60.383171 345
2.5'
4973 92947 61274376 9 25648
1
0. 3173
3
28 59
h
.0 0 75
2
5
4
6 62
7
81 0
483 days
0.0
4
32
6
51
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EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH =4.90
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(I-lg/ml)(mg/ml)g
I'
0.890147.0100.5880.4128 239
2.5'
0. 84 9 020047782 14975 31 6
7.5'
7572.39
10
0. 61 7 5592 51481
2 '
605 24765 3
3
37
4
89 . 06
h
0.5618 63
2
6 7 16393
24
75
48
. 87
5
98 4
5days
06
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EXPERIMENTAL RESULTS
3A ZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH =5.50
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ADS(~g/ml)(mg/ml)g
1'
1.012174.5900.6980.3026 33
5'
135 7
7. '
.94158 33677 48
10
0.9356 8 27420 16846 5
2
. 4960 401 6
3
1 738
4
84 2648 71
h
.8 2 4073 6 5
3
5 45
7
1 50
4h
0 29
8
9 .0.21
55 days
. 9
67
7
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53
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EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH =4.84
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(Ilg/ml)(mg/ml)g)
I'
0.689107.2600.4290.57111 419
5'
589. 830.357642 857
10'
0.5 174 33970
2
46 92 3575 1 4
Ih
.2803 1 826
h
815
4
509 0
2
0.
34 days
00
5
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EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.1%pH= 6.58
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ADS(Jlg/ml)(mg/ml)g)
I'
1.264247.1400.9890 11229
2.5'
1.2655 9097
'
5845 7304
10
1.21831 68 277366
0
716 86
3
974 2
4
59 283
Ih
1.23 44
2
0 11 3O] 05
4h
07 6
3]
0 9 9]6
4 days
.64 5.
5 days
08 1 03
6
1
7
4
8
29 0.
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=1g.Ini ial protein=0.1%pH=3.5
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(~g/ml)(mg/ml)~/g)
OS
1.100197.060.7880.2122 1 6
I'
1. 109 839918
2.5'
10965 2 3767
10
.0 574
3
.86 4753
h
1.2 4 810
6
42 199
4
5 .5 233 4
2 days
946 5 098
3
1.2 72
5
12
56
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=3 g.Ini ial protein=0.1%pH =3.5
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ADS(Jlg/ml)(mg/ml)g)
0.5'
0.845137.6500. 510.44914 98
l'
0.8253 034665 3
2.5'
500 448251827498 3 7327
1
0.709 7 73764
3
692. 90.3 06 021
1h
.5 98 5
3
8 2971
6
47 5
4
26
2 days
0
35
1
6
1 6
79
64
14
. 82.
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=5 g.Ini ial protein=0.05%pH =3.5
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(Jlg/ml)(mg/ml)g)
0.5'
0.0781 .6690.021.479 5 3
I'
0. 78
2.5'
871 50473
10
0.0902 29 558
3
.1297 3
Ih
. 3
5h
924 8 0
4
21
3 days
.1135 8
4
8 64
5
0 2
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EXPERIMENTAL RESULTS
CLINOPTILOLITETotal zeoliteamount=5g.Ini ial protein=0.01%pH =3.5
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ADS(Jlg/ml)(mg/ml)~/ l)~)
0.5'
0.09613.1750.026.0 41 4 3
I'
0. 833203754
2.5'
8
10
0.09 39
1h
. 8 9 2861
5
45 9316
4
597 816
3 days
85
59
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EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5g.Ini ial protein=0.05%pH=3.5
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(J-Lg/ml)(m / l)g g)
0.5'
0.21830.5020.0614398 780
I'
0.162 1464459 1
2.5'
1713 6637.05 38 2 576326 7
10'
0.5297 588
3
35 12987
Ih
.4
4h3 days
. 001
60
APPENDIX-C
EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.01%pH =3.5
pro. concpro. conc.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(J.lg/ml)(mg/ml)g
OS
0.0598.07916841 6 7
I'
0. 59
2.5'
1374. 039930
'
273 585
10
0.0242 8
3
. 1 21503
h
. 45 26
4
1
3 days
0. 00
61
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EXPERIMENTAL RESULTS
3AZEOLITETotal zeoliteamount=5 g.Ini ial protein=0.05%pH =3.5
pro. conepro. cone.
adsorbed
of dilute of liquid adsorbed ro/gsample
(c)amount(q)
time
ABS(Ilg/ml)(mg/ml)g)
0.5'
0.21830.5020.061.4398 780
I'
0.162 1464459 1
2.5'
1713 663705838 2 576326 7
10
0.5297 588
3
355 12987
Ih
.4
4h3 days
. 001
62
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EXPERIMENTAL RESULTS
Adsorption isothermpoints
Clinoptilolitee (mg/ml)q (mg/g)
lieJill-
0.023
1.54043.4780.649
0.021
97 621 5
43
1 1323 6052
36
3 792 70 0
8 5
901 9
9
8 3
1 40
5 1
3 58
8 3
3A
e (mg/ml)q (mg/g)01
,. 0666 . 02 .
74
235
63
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EXPERIMENTAL RESULTS
Desorptionanalysis- Clinoptilolite(afterincreasingpH of thesolution)prot in
cDesorbedq
time
ABS(mg/ml)(mg/ml)( / l)( / l)
15'
0.59389.8500.1802. 26 406
24h
0. 96108.0.2177835 66
(afteradding3M NaCl) 15'
415 991 13 245767 1953 64
4 d ys
07810 5374 4
Desorptionanalysis- 3A(afterincreasingpH of thesolution)prot in
cDesorbedq
time
ABS(mg/ml)(mg/ml)( / l)( / l)
15'
0.56585.1700.1701 3326. 93
24h
0.73611 .040.2322685
(afteradding3M NaCI) 15'
4 96 305853 6 644 0
4 d ys
692 4 1290
7
599 4478 2
64
